1. Introduction {#sec1}
===============

Diabetes mellitus (DM) is one of the most common chronic diseases worldwide. Type 2 DM, accounting for 95% of all cases, is a complex metabolic syndrome characterized by hyperglycemia resulting from either insulin resistance or inadequate insulin secretion. Being a metabolic disorder, type 2 DM is associated with comorbidities, encompassing obesity, heart disease, and stroke \[[@B1]\]. Lifestyle and dietary factors, along with genetic predisposition, are integral to the development of both diabetes and accompanying complications. The growing number of diagnoses of type 2 DM is correlated with increased consumption of low-cost, high-fat, and high-calorie diets \[[@B2]\]. Particularly, obesity is one of the leading causative factors of type 2 DM in both human and animal models.

Type 2 DM can be examined in rodent model created by diabetogenic agents, for example, streptozotocin (STZ) and nicotinamide \[[@B3], [@B4]\], or in inbred diabetic rodent models with inherited hyperglycemia, such as db/db and ob/ob mice \[[@B5]--[@B7]\]. In addition, high-fat diet (HFD) fed mice are another promising model to develop the manifestations of type 2 DM with diminished insulin function, insulin resistance, and hence the overproduction of glucose in mice \[[@B8]\]. The advantage of HFD is that it imitates the natural history and metabolic characteristics of the human syndrome while remaining responsive to pharmaceutical treatment \[[@B9]\]. Mice fed with HFD (60% fat kcal) have been found to promote insulin resistance \[[@B10]--[@B12]\], a phenomenon in which insulin mediation is malfunctioned, but the physiological mechanisms of insulin production are normal \[[@B13]\]. It describes impaired insulin utilization in tissues albeit the sufficient amount of it is present in the body. Therefore, there is an imbalance between hepatic glucose production and its utilization by tissue \[[@B14], [@B15]\]. Currently, several drugs are recommended for treatment of type 2 DM; however, many of them are associated with side effects like gastrointestinal and cardiovascular events \[[@B16], [@B17]\]. For instance, thiazolidinediones consumption also leads to higher risks of health failure, fracture, heart attack, and bladder cancer \[[@B18]\]. Treatment with *α*-glucosidase inhibitors leads to higher risk of nausea, vomiting, and diarrhea \[[@B19], [@B20]\]. Moreover, the intake of these drugs results in both weight gain and increased risk of low blood sugar. Therefore, a natural and inexpensive medication with no adverse effects after long-term consumption in diabetic patients is needed.

In traditional Chinese medicine, the*Cordyceps*, or "winter worm and summer grass," a parasitic fungus, has been extensively utilized. Previous studies demonstrated that it can alter immune response \[[@B21]\] and inhibit tumor growth \[[@B21]--[@B23]\]. In addition,*Cordyceps*species has been shown to exhibit hypoglycemic activity \[[@B24]--[@B26]\]. Its ability to lower blood glucose has been attributed to the components comprising the high polysaccharide content extracted from mycelia \[[@B27]\]. Previous studies also indicate that*Cordycep*s can protect cells through mechanisms involving hepatic glucokinase, hexokinase, and glucose-6-phosphate dehydrogenase \[[@B26]--[@B28]\]. Among the*Cordyceps* species, the hypoglycemic action of fruiting body, and mycelium, each of them separately has already been analyzed and identified. Although many strains of*Cordyceps* possess remarkable therapeutic activities, the*C. militaris* (*CM*) is currently regarded as an alternative of well-known*C. sinensis*in being widely available, cheaper, and strongly antihyperglycemic. Extracts from the fruiting body of*CM* have demonstrated greatest hypoglycemic effect compared to other strains and component, but owing to host specificity and rarity the fruiting body of*CM* is very expensive \[[@B29], [@B30]\]. In another study, only mycelium-mediated hypoglycemic effect of*CM* in diet-STZ-induced DM in rats has been reported \[[@B31]\].

Based on the above earlier reports, it may be advocated to use only mycelia instead of fruiting body. However, keeping in the view of facts about hypoglycemic efficacy and its economical perspective, we represented the first report on hypoglycemic effect by combining fruiting body and mycelia of*CM* in HFD-induced type 2 DM mice. We have also examined the anticholesterolemic and antihypertriglyceridemic profile.

2. Materials and Methods {#sec2}
========================

2.1. Preparation of*Cordyceps militaris* Number 1 (CmNo1) Crude Powder {#sec2.1}
----------------------------------------------------------------------

The commercially pulverized crude powder of the combined fruiting body and mycelium of*CM*, denoted by CmNo1, used in this study was provided by Mu Cho BioTechnology Co., Ltd. (Taipei, Taiwan). The CmNo1 was administered to mice at a dose of 360 mg/kg/day.

2.2. Animal Preparation {#sec2.2}
-----------------------

C57BL/6J mice were purchased from National Laboratory Animal Center, Taipei, Taiwan, and were maintained at Laboratory Animal Center, Taipei Medical University (TMU). All the animal care and use protocols were in accordance with guidelines of TMU Institutional Animal Care and Use Committee (IACUC). The 3 groups, each of 6-week-old male C57BL/6J mice, that is, control, type 2 diabetic (DM), and CmNo1-treated DM (CmNo1-DM) mice, were housed separately and maintained on a 12 hr light/dark cycle at temperature of 24°C. Control mice were fed with normal chow (LabDiet 5010, 5.5% fat), while DM and CmNo1-DM group were fed with high-fat diet (HFD, 58Y1, DIO Rodent Purified Diet, TestDiet) with 61.6% fat (3.140 Kcal).

2.3. Examination of Fasting Blood Glucose (FBG) {#sec2.3}
-----------------------------------------------

Blood samples were collected from tail-vein of control, 6 months HFD administered DM, and CmNo1-treated-DM (CmNo1-DM) mice and FBG was measured by glucose oxidase strips (Easytouch, Taiwan).

2.4. Oral Glucose Tolerance Test (OGTT) {#sec2.4}
---------------------------------------

The OGTT was performed on weekly basis in the control, DM, and CmNo1-DM mice during 8 consecutive weeks of CmNo1 treatment using a standard method \[[@B32]\]. Mice were fasted overnight followed by oral administration of 3 g/kg D-glucose. Blood samples were collected from each group at 0, 30, 60, 90, 120, and 180 minutes relative to the start of the oral glucose administration for measuring blood glucose levels. The FBG was measured by glucose oxidase strips (Easytouch, Taiwan). The area under the glucose tolerance curve (ΔAUC~glucose~) was calculated using the trapezoidal rule to determine the integrated glucose response to the glucose challenge.

2.5. Determination of Body Weight {#sec2.5}
---------------------------------

C57BL/6J mice were first fed HFD to induce type 2 DM. After 6 months, CmNo1-DM group mice on HFD were orally administered CmNo1 (360 mg/kg) and a combination of fruiting body and mycelium, for eight consecutive weeks, while DM group mice on HFD were administered vehicle (double-distilled water) and control group were fed normal chow. Thereafter, the body weight of control, DM, and CmNo1-DM mice was recorded weekly for eight weeks with an electrobalance (Excell, BH-1200).

2.6. Measurement of Biochemistry Indexes {#sec2.6}
----------------------------------------

The blood samples were obtained from the retroorbital sinus of mice (4 times): twice before and after CmNo1 treatment. Samples were centrifuged and 25 *μ*L of serum was collected from each of them. Biochemistry indexes and insulin levels were measured using the biochemistry analyzers and insulin ELISA kit (MercodiaAB, Sweden). Serum levels of cholesterol and triglyceride were measured by chemistry analyzer (Fuji Dri-Chem 4000i).

2.7. Western Blot Analysis {#sec2.7}
--------------------------

After eight-week CmNo1 treatment, C57BL/6J mice from each group were sacrificed. Skeletal muscles, specifically thigh and gastrocnemius (calf), and intraperitoneal adipose tissue were surgically extracted and grinded. For protein extraction, tissues were suspended in 100 *μ*L 1x RIPA lysis buffer (catalogue number 20--188, Millipore, USA), protease inhibitor cocktail set III, EDTA-free (catalogue number 539134, Millipore, USA), and phosphatase inhibitor (Na~3~VO~4~) and were sonicated. After 20 minutes of incubation on ice, samples were centrifuged at 12000 rpm for 40 minutes at 4°C and supernatant was collected for quantification. The protein samples were resolved on 10% SDS-PAGE gel and transferred to a PVDF (Polyvinylidene Fluoride, Amersham Hybond-P, GE Healthcare, UK) membrane. After blocking, membranes were incubated for 1 h at room temperature in PBST buffer with the anti-glucose transporter type 4 (GLUT-4) (1 : 1000; GeneTex, Irvine, CA, USA), anti-insulin receptor substrate-1 (IRS-1; 1 : 1000, GeneTex, Irvine, CA, USA), anti-pIRS-1 (1 : 1000; Millipore, Germany), anti-protein kinase B (AKT) (1 : 5000; GeneTex, Irvine, CA, USA), anti-pAKT (1 : 1000; Cell Signaling Technology, USA), and anti-peroxisome proliferator-activated receptor *γ* (anti-PPAR-*γ*; 1 : 1000, Cell Signaling Technology, USA) antibodies. This was followed by 4 times of wash for 10 minutes each at room temperature. Horseradish peroxidase-conjugated anti-rabbit and anti-mouse IgG secondary antibody (1 : 10000; Jackson ImmunoResearch, West Grove, PA, USA) was diluted in (0.01 M  K~2~HPO~4~, 0.15 M NaCl, 0.05% Tween-20, and pH 7.0) and incubated with blots for 1 h at room temperature. Immunoreactivity expressions of GLUT-4, IRS-1, pIRS-1, AKT, pAKT, and PPAR-*γ* were measured by developing blots using ECL plus-kit (Amersham Pharmacia, USA). Blots were visualized by UVP BioSpectrum imaging system while their densities were analyzed with VisionWorks LS software.

2.8. Statistical Analysis {#sec2.8}
-------------------------

All the values were represented as standard error of mean (± SEM) of 6 mice for each group. The differences between 3 groups (control, DM, and CmNo1-DM) were estimated by Student\'s *t*-test (SigmaPlot Version 10.0). Each value represents the mean ± SEM (*n* = 6). Symbols specify significant difference from DM with *∗*, *∗∗*, and *∗∗∗* indicating *p* \< 0.05, *p* \< 0.01, and *p* \< 0.001, respectively.

3. Results {#sec3}
==========

3.1. Assessment of Fasting Blood Glucose (FBG) {#sec3.1}
----------------------------------------------

In order to establish a diabetes mellitus (DM) mouse model, C57BL/6J mice were fed high-fat diet (HFD) for 6 months. As a result, the FBG value in DM mice was vigorously increased to 192.33 mg/dL while control showed a normoglycemic value of 99.67 mg/dL ([Figure 1](#fig1){ref-type="fig"}).

3.2. Oral Glucose Tolerance Test (OGTT) after Treatment with CmNo1 {#sec3.2}
------------------------------------------------------------------

In the rodent models, the OGTT is most widely conducted to evaluate whether the mice are glucose intolerant and diabetic. In our result, compared to control, the HFD-fed DM group had higher blood glucose level during 180 min period. The time-dependent blood glucose reduction curve demonstrated that CmNo1-DM mice displayed lower blood glucose levels than DM group ([Figure 2(a)](#fig2){ref-type="fig"}). To further determine the improvement of glucose tolerance following long-term CmNo1 treatment, the area under the curve (AUC) was calculated ([Figure 2(b)](#fig2){ref-type="fig"}). The AUC in DM mice was much increased compared to control mice; meanwhile, the increased AUC in DM mice was reduced by CmNo1 treatment.

3.3. No Effect of CmNo1 on Body Weight {#sec3.3}
--------------------------------------

The HFD has been associated with a gain in body weight which is an identified risk factor for development of type 2 DM. Our results showed significantly increased body weight in DM group, compared to control group ([Figure 3](#fig3){ref-type="fig"}). However, the treatment of CmNo1 showed no effect on body weight compared to DM group.

3.4. Effect of CmNo1 on Serum Insulin Levels {#sec3.4}
--------------------------------------------

To investigate the restoration effect of CmNo1 treatment on insulin sensitivity, serum insulin levels were measured in subjects after overnight fasting. The serum insulin values in DM mice were increased nearly 9-fold compared to those in control mice ([Figure 4](#fig4){ref-type="fig"}). In contrast, after CmNo1 treatment (CmNo1-DM mice), the increased insulin levels in DM mice were diminished to values similar to those of control mice.

3.5. Expression of Specific Protein Markers in Skeletal and Adipose Tissues {#sec3.5}
---------------------------------------------------------------------------

Skeletal muscle \[[@B33]\] and adipose tissue \[[@B34]\] are two major consumers of glucose and an essential regulator of insulin for glucose uptake. To evaluate insulin sensitivity through the expression of specific skeletal muscles and adipose tissue proteins involved in regulating insulin signaling pathway, including insulin receptor substrate-1 (IRS-1), protein kinase B (AKT), and glucose transporter type 4 (GLUT-4), the tissues were harvested and homogenized. Western blotting was conducted with *β*-actin as a loading control. Results showed that protein expression of IRS-1, phosphorylated IRS-1 (pIRS1), phosphorylated AKT (pAKT), and GLUT-4 in skeletal muscle was significantly decreased in DM mice but increased in CmNo1-DM group after 8-week CmNo1 treatment ([Figure 5(a)](#fig5){ref-type="fig"}). Similarly, we also demonstrated upregulation in protein expression of IRS-1, pIRS-1, GLUT-4, pAKT, and adipogenic marker peroxisome proliferator-activated receptor *γ* (PPAR-*γ*) in adipose tissues from CmNo1-DM group compared to those from DM group ([Figure 5(b)](#fig5){ref-type="fig"}).

3.6. Effect of CmNo1 on Triglyceride and Cholesterol Levels {#sec3.6}
-----------------------------------------------------------

PPAR-*γ* plays a key role in regulating insulin sensitization as well as improving cholesterol efflux and triglyceride lowering \[[@B35]\]; hence the levels of triglyceride and cholesterol levels were then detected. In [Figure 6](#fig6){ref-type="fig"}, as per our prediction, results demonstrated that both triglyceride and cholesterol were significantly reduced after CmNo1 treatment.

4. Discussion {#sec4}
=============

As per the death toll, a noncommunicable disease, diabetes mellitus (DM), has been ranked as "third killer" worldwide \[[@B31]\]. Several animal models have been developed and extensively employed in the diabetes research \[[@B37]\] out of which the high-fat diet (HFD) regimen in mice was utilized to induce type 2 DM. This approach mimics the availability of fat-rich diet in our modern society, thereby contributing to cause of diabetes in humans. For DM treatment, Chinese herbal medicines have been reported to possess antidiabetic properties \[[@B32]\] in which*Cordyceps* species like*C. sinensis* (*CS*) have been most studied and represented its beneficial effect on diabetic mammals. Though*CS* is well-known for the treatment of DM,*C. militaris* (*CM*) has drawn more attention in recent years due to its higher availability, lower price (10 times), and more potential pharmacologic properties \[[@B38], [@B39]\]. Moreover, the natural resources of*CS* are declining, so the artificial cultivation of*CM* would be a better alternative. A few studies have demonstrated the effect of each of fruiting body and mycelia of*CM* strain on glucose metabolism \[[@B31], [@B39]\] in which their polysaccharide fraction has been attributed to hypoglycemic activity. In a seminal study, it has been reported that, compared to fruiting bodies of same origin, the mycelia contain not only the higher amount of polysaccharides but also adenosine \[[@B40]\]. In another study, higher carbohydrate content has been demonstrated in mycelia than fruiting bodies \[[@B41]\], while Zhang\'s study demonstrated higher potency of*CM* fruiting body than*CM* mycelia \[[@B39]\]. However, the comparative quantification of higher polysaccharide and other components either in fruiting body or in mycelia remains questionable. Another critical issue is that the fruiting bodies of*CM* are very expensive due to host specificity and rarity in nature \[[@B42]\]. In this study, the fruiting body and mycelia of*CM* were first combined (designated as CmNo1) and*in vivo* efficacies along with detailed therapeutic mechanisms of CmNo1 towards antihyperglycemic, anticholesterolemic, and antihypertriglyceridemic activities were examined.

CmNo1 was grown on specialized organic rice media in a sterile environment resulting in high production of polysaccharide (209.81 mg/g). The other components such as cordycepin and adenosine were also determined at high levels as 8.23 mg/g and 0.68 mg/g, respectively. Cordycepin (3′-deoxyadenosine) is a biometabolite component of*CM* which possess antibacterial \[[@B43]\], antimetastatic \[[@B44]\], immunomodulating \[[@B45]\], antifungal \[[@B46]\], and insecticidal \[[@B47]\] activity along with suppressing the type 2 DM regulating genes \[[@B48]\]. Besides, adenosine in*Cordyceps* species is associated with regulation of coronary blood flow \[[@B49]\] and immunomodulation \[[@B48]\]. Compared to Dong\'s study \[[@B31]\], we have demonstrated higher polysaccharide content, suggesting enhanced hypoglycemic efficacy of*CM.* The novel finding of this study is the combinational effect of fruiting body and mycelia of*CM* in terms of substantial antidiabetic, anticholesterolemic, and antihypertriglyceridemic characteristics along with ensuring economic viability.

It is also indicated that CmNo1 strongly improved type 2 DM through lowering blood glucose ([Figure 2](#fig2){ref-type="fig"}) without any change in body weight ([Figure 3](#fig3){ref-type="fig"}) during treatment. Currently recommended second-tier drugs for DM treatment such as basal insulin, thiazolidinedione, and sulfonylurea are not only linked with weight gain, but also associated with other adverse effects \[[@B50]\]. Weight gain has also been reported as a risk factor for cardiovascular event and increased insulin resistance \[[@B51]\]. Thus, CmNo1 poses an advantage in lowering blood glucose level without affecting body weight.

Insulin resistance is due to an imbalance between hepatic glucose production and tissue uptake \[[@B52]\]. This metabolic disorder follows a decreased glucose uptake in muscle tissue and increased lipolysis resulting in fatty acid accumulation \[[@B53]\], which is coherent with the condition of DM. In addition to improvements in blood glucose uptake ([Figure 2](#fig2){ref-type="fig"}), our result showed that CmNo1 treatment also decreased fasting serum insulin levels in HFD-fed mice ([Figure 4](#fig4){ref-type="fig"}), indicating insulin utilization by tissues. Fasting insulin measurement has been considered as the most practical and accurate approach for insulin sensitivity \[[@B54], [@B55]\]. Hence, the results inferred that improvement in blood glucose levels could be due to the positive effect of CmNo1 treatment on insulin receptor sensitivity, providing a new therapeutic avenue for type 2 DM.

To further examine the insulin sensitivity on molecular basis, we analyzed the expression of proteins involved in the insulin-signaling pathway of muscles and adipose tissues. Our results ([Figure 5](#fig5){ref-type="fig"}) demonstrated that CmNo1 treatment leads to both the increased phosphorylation and enhanced expression of insulin receptor substrate 1 (IRS-1), protein kinase B (AKT), and glucose transporter type 4 (GLUT-4), indicating that the activated mediators subsequently increased insulin sensitivity. Many previous studies have already demonstrated the activation of IRS-1 and AKT via phosphorylation and GLUT-4 translocation as indicators of insulin sensitivity \[[@B56]--[@B61]\]. Additionally, high expression of GLUT-4 has also been reported to promote insulin-mediated glucose uptake \[[@B32], [@B62], [@B63]\]. In a nondiseased physiological system, insulin binding leads to receptor conformational change, triggering increased activity of multiple downstream molecules. IRS-1 plays an integral role in the regulation of insulin, acting as a mediator between insulin binding and PI3K/Akt pathway \[[@B65]\]. Similarly, PI3K regulates glucose uptake through the phosphorylation of AKT, a signaling molecule that is required to induce glucose transport \[[@B66]\]. Evidence also supports that malfunction of AKT protein leads to diabetic phenotype \[[@B67]\]. Taken together, activities of these specific mediators have also been demonstrated to measure insulin resistance \[[@B68]\]. Our results pointed out that malfunctioning AKT protein treatment leads to improved blood glucose levels through reverting insulin resistance and allowing glucose to enter cells in muscle and adipose tissue through the insulin signaling pathway.

In addition to the insulin signaling pathway being responsible for hypoglycemic regulation, expression level of peroxisome proliferator-activated receptor *γ* (PPAR-*γ*) was subsequently also analyzed. PPAR-*γ* is a central regulator of insulin sensitization and glucose lowering in adipose tissues and has been suggested as a therapeutic target for DM treatment by drugs such as thiazolidinediones \[[@B69], [@B70]\]. PPAR-*γ* has also been reported to regulate macrophage-mediated cholesterol efflux and to play a major role in triglyceride lowering \[[@B35]\]. In our study, CmNo1 treatment enhanced PPAR-*γ* protein expression in adipose tissues and led to lowered triglyceride and cholesterol levels ([Figure 6](#fig6){ref-type="fig"}). Collectively, based on our results, a mechanistic approach at molecular level has been achieved which corroborates the beneficial effects of*CM* treatment via altering the insulin signaling pathway.

5. Conclusions {#sec5}
==============

The CmNo1, a novel combination of fruiting body and mycelia of*CM* for treatment of HFD-induced type 2 DM in a mouse model, led to lowered blood glucose, decreased serum insulin levels, and downregulated expression of PPAR-*γ*. Thus, our result supports the applied combination and its effects on the insulin signaling pathway and major insulin regulator, the PPAR-*γ*. These results indicate that CmNo1 could be a potential and economical therapeutic agent in the treatment of HFD-induced type 2 DM through hypoglycemic activity.
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![Determination of fasting blood glucose (FBG) in mice. FBG was measured in control and HFD administered DM mice for 6 months.](JDR2015-723190.001){#fig1}

![Assessment of glucose tolerance. (a) A plot of time-dependent glucose tolerance curves in control, DM, and eight-week CmNo1-treated DM mice (CmNo1-DM). OGTT followed overnight fasting, blood samples collection, and finally 3 g/kg D-glucose oral administration to determine the glucose level at 0, 30, 60, 90, 120, and 180 min. (b) Area under the curve (AUC) was calculated to determine glucose tolerance. Data is expressed as the means ± SEM (*n* = 6/group). Symbols specify significant difference from DM with *∗∗* and *∗∗∗* indicating *p* \< 0.01 and *p* \< 0.001, respectively.](JDR2015-723190.002){#fig2}

![Maintenance of body weight. Body weight in control (●), type 2 diabetes mellitus (DM) (*▽*), and CmNo1-treated DM (CmNo1-DM) (■) mice was examined. Mice were first exposed to high-fat diet (HFD) for six months to induce C57BL/6J mice with type 2 DM, which were then treated with CmNo1 for eight weeks. The body weight of all three groups was recorded to note any significant change. Data is expressed as the means ± SEM (*n* = 6/group).](JDR2015-723190.003){#fig3}

![Serum insulin levels. After eight-week CmNo1 treatment, blood was drawn from overnight-fasted mice, and serum was analyzed by ELISA for insulin levels compared to control and DM mice. Data is expressed as the means ± SEM (*n* = 6/group). Symbols specify significant difference from DM with *∗* indicating *p* \< 0.05.](JDR2015-723190.004){#fig4}

![Specific protein expression of skeletal muscle and adipose tissue. (a) The protein expression of insulin receptor substrate-1 (IRS-1), phosphorylated IRS-1 (pIRS-1), protein kinase B (AKT), phosphorylated AKT (pAKT), and glucose transporter type 4 (GLUT-4) in skeletal muscle was measured. *β*-actin was used as a loading control in Western blot analysis and the measurement was expressed as a ratio of specific protein/*β*-actin expression. (b) Analysis for IRS-1, pIRS-1, AKT, pAKT, GLUT-4, and peroxisome proliferator-activated receptor *γ* (PPAR-*γ*) in adipose tissue. Data is expressed as the means ± SEM of *n* = 6 samples. Symbols specify significant difference from DM with *∗* and *∗∗* indicating *p* \< 0.05 and *p* \< 0.01, respectively.](JDR2015-723190.005){#fig5}

![Triglyceride and cholesterol levels. (a) Triglyceride and (b) cholesterol levels were measured in blood samples drawn from control, DM, and CmNo1-treated DM mice after overnight fasting. Data is expressed as the means ± SEM (*n* = 6/group). Symbols specify significant difference compared to DM with *∗* indicating *p* \< 0.05.](JDR2015-723190.006){#fig6}
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